This study evaluated phosphorus (P) and iron (Fe) release from anoxic sediment cores in 3 different water bodies, Lake Winnipeg in Manitoba and Lake Simcoe and Hamilton Harbour in Ontario, and developed empirical models to predict P and Fe release rates as functions of sediment and water chemistry. Maximum P and Fe sediment release rates, which occurred shortly after sulfate (SO 4 ) was depleted in most cores, showed unique positive linear relationships for each lake. High P release rates only occurred from Lake Simcoe and Lake Winnipeg sediments with molar ratios ≤8.1 of NaOH-extractable aluminum (Al) to reducible Fe (Fe extractable with bicarbonate-dithionite [BD]). High Fe release rates only occurred in Lake Winnipeg sediments, perhaps due to low SO 4 reduction rates (<115 mg m
Introduction
Internally loaded phosphorus (i.e., P released from anoxic bottom sediments) can contribute to the severity of algal blooms, impair water quality, and significantly delay remediation efforts of eutrophic lakes. P from internal loading is released as highly biologically available orthophosphate ), and when released during thermal stratification in dimictic lakes can increase phytoplankton biomass during summer and fall (Nürnberg 2009 ). Internal loading during winter can also increase spring productivity unless limited by light and silica.
Anoxic sediments can also release iron (Fe) as reduced ferrous iron, Fe(II), which can promote cyanobacterial blooms if Fe(II) moves to depths adjacent to the euphotic zone (Molot et al. 2010 , Verschoor 2011 where it and other nutrients can be sequestered by vertically migrating cyanobacteria (Head et al. 1999) . The combination of a high Fe requirement (Morton and Lee 1974 , Murphy et al. 1976 , Parr and Smith 1976 , Raven 1990 , Brand 1991 , Wilhelm 1995 , Glass et al. 2009 ) and dependence on Fe(II) as their Fe source (Hopkinson and Morel 2009 , Fujii et al. 2011 , Kranzler et al. 2011 , Dang et al. 2012 suggests that cyanobacteria may be Fe-limited in oligotrophic waters.
Factors that control the rate of Fe(II) supply may therefore affect phytoplankton composition (Molot et al. 2010) .
Factors that govern P and Fe release rates are generally known, such as the concentrations of various P, Fe, and aluminum (Al) fractions in sediments, extent of anoxia, SO 4 reduction rate, temperature, and pH (Caraco et al. 1989 , Penn et al. 2000 , Rozan et al. 2002 , Gächter and Müller 2003 , Motelica-Heino et al. 2003 , Amirbahman et al. 2003 , Søndergaard et al. 2003 , Kopácek et al. 2005 , Christophoridis and Fytianos 2006 . Several studies have examined the effects of sediment chemistry on potential P release and sorption (Kopácek et al. 2005 , Navratil et al. 2009 ), directly measured P release (Nürnberg 1988 , Penn et al. 2000 , Christophoridis and Fytianos 2006 , or calculated in situ mass balance fluxes of P and Fe (Amirbahman et al. 2003) . Few have measured P and Fe release together (Amirbahman et al. 2003, Christophoridis and Fytianos 2006) . Comprehensive process-oriented models of release rates from sediments are available but are generally data intensive. Management programs that require estimates of internal loading might therefore benefit from simpler empirical models.
Three different aquatic systems in Canada, Lake Winnipeg in Manitoba and Lake Simcoe and Hamilton Harbour in Ontario, have experienced moderate to severe water quality problems for many decades, including cyanobacterial blooms, and are under intensive scrutiny by managers and scientists. Little is known about internal loading in these systems. Indications of internal P loading in Simcoe have been occasionally presented (Nicholls 1995 , Eimers et al. 2005 ) but have often been ignored (e.g., Winter et al. 2007) or assumed negligible (Molot et al. 2010) in P mass balance studies. Similarly, there are few studies of internal loading in Hamilton Harbour (Mayer and Manning 1990, Kelton and Chow-Fraser 2005) . There are no studies of Fe mass balances and internal loading in these systems, but Fe has been studied elsewhere (Nürnberg and Dillon 1993 , Amirbahman et al. 2003 , Molot and Dillon 2003 .
We addressed this knowledge gap using sediment core incubations and chemical fractionation of surface sediments. These 3 systems were chosen because their different land use histories, watershed geology, and sediment chemistry increase the range of key parameters beyond the range that one lake permits and thus allow us to better test whether key concepts emerging in the literature can be generalized to Canadian lakes. The objectives of this study were to (1) measure P and Fe release from sediments during laboratory incubations for use in quantifying internal Fe and P loading; and (2) develop empirical models that predict Fe(II) and P release rates under anoxic conditions in these 3 systems as functions of sediment chemistry. P release rates were used with estimates of anoxic area to compute internal loading in Lake Simcoe in a companion study (GK Nürnberg, LA Molot, PS Loh, November 2012, unpubl. data) .
Study sites
Lake Simcoe is a large dimictic lake (surface area 722 km 2 ) in central Ontario, Canada. The watershed (2899 km 2 ) is predominantly agricultural but has also been heavily impacted by urbanization (Winter et al. 2007 ). Sediment cores were collected from 5 stations in Lake Simcoe (K39 and K42 in Kempenfelt Bay, C9 at the mouth of Cooks Bay, and K45 and S15 in the main basin) during cruises in October 2010 and August 2011 (Table 1) .
Lake Winnipeg is the sixth largest lake (24.5 × 10 3 km 2 ) and has the second largest watershed in Canada (984.2 × 10 3 km 2 ). The lake receives discharges from several main watersheds via the Saskatchewan, RedAssiniboine, and Winnipeg rivers. The Red River drains agricultural landscapes and is the main source of nutrients, including P, to the lake. The Winnipeg River drains a forested area of the Precambrian Shield to the east and is the largest tributary in terms of flow (Environment Canada and Manitoba Water Stewardship 2011) . Sediment cores were collected from 5 stations in the north basin of Lake Winnipeg in Manitoba (26S, W1, W3, W4, W6) in October 2010 and July 2011 (26S, W3, W6) and September 2011 (W1 and W4).
Hamilton Harbour is a large, eutrophic bay (21.5 km 2 ) along the southwest edge of Lake Ontario, with a history of cyanobacterial blooms. It is connected to Lake Ontario through a narrow shipping channel. Several steel mills and other industries exist along the southern shore, while the northern shore is primarily residential land with some undeveloped land. Half of the hydraulic input to the harbour exclusive of exchange with Lake Ontario, is treated sewage effluent. In addition, there is a significant input of nutrients and other materials from a mixed urban and agricultural drainage basin via Cootes Paradise in the western part of the harbour (Hall et al. 2006) . Sediment cores were collected from stations 1001 and 905 in Hamilton Harbour in July 2011.
Methods

Sediment sampling
Sediment cores were collected using a UWITEC (www. UWITEC.at) corer with PVC core tubes (60 cm length, 86 mm inside diameter). At each station, depth, temperature, dissolved oxygen (O 2 ), pH, and redox at the sedimentwater interface were recorded using a hand-held YSI 600QS (YSI Inc., Yellow Springs, OH; Table 1 ). Six cores were collected at each location. The 0-5 cm surface P and Fe release rates from anoxic sediments Inland Waters (2013) 3, pp. [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] sediments from 3 of these cores were removed and stored in Ziploc bags in a refrigerator (Lake Simcoe and Hamilton Harbour) or frozen (Lake Winnipeg) until analyzed for water content and loss-on-ignition, and subjected to sequential extractions to determine concentrations of 5 P, Al, and Fe fractions. The remaining 3 cores were transported to the laboratory to measure P and Fe release rates during incubation.
Lake Winnipeg incubation cores were frozen on board the ship and shipped frozen to York University. Freezing likely excluded pore water and enriched the overlying water because concentrations of dissolved P and Fe in 
Sediment core incubations
Determination of P and Fe release rates from sediment core incubations were based on (and modified from) the method by Psenner (1984;  see also Riley and Prepas 1984 , Nürnberg et al. 1986 , Nürnberg 1988 , James and Barko 1991 , Reitzel et al. 2003 . On arrival at the laboratory, the height of overlying water in the sediment cores was measured to calculate water volume. Core tubes were sealed with a rubber bung with an air lock inserted with a water trap to allow release of gas pressure while preventing air from flowing into the cores, thus minimizing introduction of O 2 during the incubation. The only time the overlying water was in contact with the atmosphere was during determination of pH of the overlying water and sampling of overlying water for analysis of P, Fe, and SO 4 . The core tubes were incubated in triplicate inside a large barrel filled with water to which ascorbic acid was added to reduce the O 2 concentration of barrel water which, in turn, minimized diffusion of O 2 through the plastic core tubes, which are slightly gas permeable (Nürnberg et al. 1986) . A hand-held YSI probe was used to measure dissolved O 2 in the barrel, which was always <1 mg O 2 L −1 . Incubation temperatures ranged from 20 to 24 °C.
The batch incubation method was a closed system. Approximately 100 mL of overlying water was collected with a 50 cm long Pyrex tube and filtered through a 0.45 µm Sartorius syringe filter with a prefilter attached to an acid-washed syringe for analysis of P, Fe, and SO 4 . The volume of water removed for analysis was replaced with an equal volume of boiled, de-aerated (N 2 -flushed) deionized water. This replacement eliminated head space between the overlying water and the bung to minimize sediment contact with O 2 .
P release rates (RR P ), Fe release rates (RR Fe ), and SO 4 reduction rates were calculated as the difference in mass in the overlying water ( M) between successive samplings divided by the area (A) in m 2 of the surface sediment and the number of days of incubation (n) corrected for sample removal and dilution:
, where M represents the mass of P, Fe, or SO 4 and RR M is the release rate of P and Fe or the SO 4 reduction rate. To allow comparison and pooling of data, rates were minimally adjusted to 20 °C assuming a Q10 of 2.
Sequential P, Fe, and Al extraction
In an N 2 -purged glove bag, the 0-5 cm sections from replicate cores from each site were thoroughly mixed together, and 3 subsamples of approximately 1 g wet weight were put in a 50 mL centrifuge tube. The sequential P extraction used in this study was developed by Psenner et al. (1984) and subsequently used by Nürnberg (1988) , Jensen and Thamdrup (1993) , Paludan and Jensen (1995) , Lukkari et al. (2007a Lukkari et al. ( , 2007b and Wilson et al. (2008) . We modified the Psenner method by using NH 4 Cl in the first extraction instead of distilled water and by using 30 mL of extractant followed by two 15 mL washing steps using the same extractant instead of 20 mL. This method was also used to simultaneously extract Fe and Al because we wanted to determine which Fe fractions contribute to Fe release rates and because P can be associated with both Fe and Al in sediments (Kopácek et al. 2005 (Kopácek et al. , 2007 .
This method sequentially extracts P, Fe, and Al nominally associated with 5 different sediment fractions, the assumption being that P, Fe and Al associated with one fraction can only be extracted by the chemical suited to extracting from that fraction. We explored the usefulness of this extraction procedure by attempting to develop empirical relationships that predict P and Fe release rates as a function of sediment fraction concentrations. The 5 fractions in order of extraction are: easily extractable, reducible, alkali extractable, acid extractable, and recalcitrant.
• Step 1: easily extractable fraction (X_NH 4 , where X is P, Fe, and Al): 30 mL of 1 M NH 4 Cl (neutralized to pH 7 with NaOH) was added to the sediment to extract the water-soluble and loosely sorbed P.
• Step 2: reducible fraction (X_BD): bicarbonate-dithionite (BD) reagent (0.11 M NaHCO 3 , and 0.11 M Na 2 S 2 O 4 , buffered to pH 7) was used to reduce Fe and Mn oxides and hydroxides and extract the P adsorbed to the oxides and hydroxides as well as solubilized Fe and Al.
• Step 3: alkali extractable fraction (X_NaOH): 0.1 M NaOH extracted inorganic P from clays and Al hydroxide, as well as a large portion of the organic P compounds as well as solubilized Fe and Al.
• Step 4: acid extractable fraction (X_HCl): 30 mL of 0.5 M HCl was added to the sediment residue to extract acid soluble fractions (e.g., apatite, Ca 5 (PO 4 ) 3 (OH, F, Cl), and Fe sulfides).
• Step 5: recalcitrant fraction (X_NaOH85 fraction):
30 mL of 1M NaOH was added to extract recalcitrant P, Fe, and Al from the sediment residue. Extraction of these fractions was carried out by shaking at 85 °C in a water bath for 24 h. P and Fe release rates from anoxic sediments
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After each extraction, a portion of the extracted, filtered sample was acidified to pH 2 with H 2 SO 4 for total dissolved P determination, and a second portion of the filtered sample was acidified with 1% HNO 3 for analysis of dissolved Fe and Al. Total extractable P, Fe, and Al content is defined as the sum of the first 4 fractions. The NaOH85 fraction was excluded because of its recalcitrant behaviour.
Chemical analyses
Fe and Al were analyzed by inductively coupled plasmamass spectrometry at Trent University's Water Quality Centre in Peterborough, Ontario; P was analyzed using ascorbic acid-molybdate colourimetry after autoclave digestion in sulfuric acid at Trent University's laboratory at Dorset, Ontario; and SO 4 was measured at Trent using an ion chromatography system (Dionex ICS 1100).
For loss-on-ignition (LOI), sediment samples (approximately 0.5 g of dry sediment) were oven-dried at 60 °C for 2 d and then weighed after cooling in a dessicator (w 1 ). The dried sediments were combusted at 500 °C for 6 h and then cooled in a dessicator overnight and weighed again (w 2 ). LOI (assumed to be the organic content, although dehydration of Fe and Al hydroxides may not be negligible) was expressed as a percentage of the dry weight: 100(w 1 -w 2 )/w 1 .
Statistical analysis
Correlation analyses and regression modeling were done with SPSS. Three approaches were used to develop empirical P and Fe release rate linear regression models: (1) develop one model using data from all lakes to look for common mechanisms; (2) develop lake-specific models for Lake Winnipeg and Lake Simcoe; and (3) develop separate models for low and high molar Al_ NaOH:Fe_BD sediments. Regression models of the maximum RR P and maximum RR Fe were developed using a forward stepwise method with entry level 0.05. Untransformed variables and 2 simple mathematical transformations, natural logarithms, and reciprocals were used to see if they improved the models as judged by R 2 . In this analysis, the initial SO 4 concentration was used rather than the SO 4 reduction rate because reduction rates were not available for all incubations, and using it would reduce the number of observations. Moreover, concentration is more easily obtained in lake studies, but when unavailable, the mean initial SO 4 concentration of each lake was substituted. Individual fractions, the sum of the first 4 extractable fractions (excluding NaOH85), initial SO 4 concentration, and LOI were used as independent variables.
Results
At the time of collection, water at all sites was alkaline (pH > 7.8; Table 1 ). Temperatures ranged from 4 °C in Lake Simcoe in May 2011 to 23 °C in Hamilton Harbour in July 2011.
Fractionation results
Coefficients of variation (CV) for subsamples (n = 3) were generally quite low. CVs for P fractions (n = 20) ranged from 0.9 to 33% (median 2.8%) for P_HCl and 6.1 to 85.8% (median 21.7%) for P_NH 4 . Likewise, CVs for Fe fractions ranged from 1.1 to 29.1% (median 3.7%) for Fe_ HCl and 0 to 57.1% (median 22.0%) for Fe_NH 4 . CVs for Al fractions ranged from 0.1 to 21.1% (median 3.3%) for Al_HCl and 0.0 to 62.8% (median 19.5%) for Al_BD.
Most of the extractable P in surficial sediments was associated with 3 fractions: BD, NaOH, and HCl ( Fig. 1  and 2 ). The total extractable P (excluding the NaOH85 fraction) ranged slightly more than 2-fold from 0.75 to 1.64 mg g −1 dry wt in all 3 lakes. Little P was extractable with NH 4 Cl (<0.081 mg g
−1
). P_BD ranged from 0.12 mg g −1 in Lake Simcoe to 0.45 mg g −1 in Lake Winnipeg. Most of the extractable Fe was associated with the BD and HCl fractions ( Fig. 1 and 2 ). The total extractable Fe (excluding the NaOH85 fraction) ranged from 2.3 to 4.9 mg g −1 dry wt in Lake Simcoe, 4.7 to 10.6 mg g −1 in Lake Winnipeg, and 11.2 to 12.5 mg g −1 in Hamilton Harbour, a more than a 5-fold range between lakes. Little Fe was readily extractable with NH 4 Cl (<0.01 mg g ). The majority of Al in most sediments was in the recalcitrant fraction (NaOH85).
Most of the non-NaOH85 Al was associated with the NaOH and HCl fractions ( Fig. 1 and 2 ). The total extractable Al (excluding the NaOH85 fraction) ranged from 1.5 to 4.2 mg g −1 . Kopácek et al. (2005) argued that a negligible amount of P would be released from anoxic sediments with molar ratios of Al_NaOH to Fe_BD >3. Evidence for this was an inverse nonlinear relationship between "reactive" P, which they defined as the sum of readily extracted P from their first step (which used water rather than NH 4 Cl) and P_BD and the ratio of Al to Fe extracted in the first 3 steps (HCl and NaOH85 excluded). We did not observe any significant relationship between the sum of P_NH 4 and P_ BD and the Al_NaOH:Fe_BD molar ratio.
Molar Al_NaOH:Fe_BD ratios ranged from 0.4 to 7.4 in Lake Winnipeg (8 of the 10 sites in Lake Winnipeg ranged from 1.0 to 2.6), 22.4 and 27.1 in Hamilton Harbour, and in Lake Simcoe from 53. 
P and Fe release and SO 4 reduction rates in incubating cores
Maximum SO 4 reduction occurred during the first sampling interval in Lake Simcoe (Fig. 3) and Hamilton Harbour, with maximum P and Fe release rates occurring shortly after. Maximum Fe and P release rates typically coincided. Initial P and Fe release rates normalized for extractable Fe content (the sum of all fractions except NaOH85) were low, coinciding with highest SO 4 reduction rates in Lake Simcoe and Hamilton Harbour (Fig. 4) . The highest reduction rates in Lake Winnipeg occurred in the second sampling interval. While a low Fe release rate can occur when SO 4 reduction is high because of ferrous sulfide formation, a low P release rate suggests that a microbial lag phase may have delayed Fe reduction and concomitant release of both Fe and P. The lag phase might have been a consequence of relatively high initial redox at the sediment-water interface, too high to permit reductive processes at the beginning of the incubation. However, lower redox deeper in the core might have allowed SO 4 reduction during the first few days. When all Fe release and SO 4 reduction rates are pooled, high Fe release rates normalized for extractable Fe content only occurred at SO 4 reduction rates <115 mg m −2 d −1 (Fig. 5) . Changes in release rates occurred over short periods of time (days) during the 2-3 week incubations, perhaps due to handling and sampling as well as the closed nature of the experiment. We chose to ignore initial release rates because of microbial lag phases and assumed that the largest rates are similar to those that would occur in situ under anoxic conditions. We noticed that these higher release rates generally occurred after a decline in the SO 4 reduction rate.
Maximum RR Fe adjusted to 20 °C within each incubation were much higher in Lake Winnipeg (mean . The P release rates in this study range were similar to the range of 0.07-9.9 mg m −2 d −1 (adjusted to 20 °C) in one eutrophic hardwater lake in southcentral Ontario and 4 softwater lakes in central Ontario on the Precambrian Shield (2 of which were oligotrophic and 2 were mesotrophic; Nürnberg 1988). Maximum RR P and RR Fe for each incubation normalized for extractable Fe and P and adjusted to 20 °C were linearly correlated with each other (Fig. 6) indicating that while each lake has a unique slope and intercept for P versus Fe release, release is probably codependent and partially dependent on pool size.
Maximum SO 4 reduction was linearly related to initial SO 4 concentration (Fig. 7) , indicating that reduction was a diffusion limited, first-order rate process dependent on substrate concentration and not limited by ) adjusted to 20 °C in Lake Winnipeg, Simcoe, and Hamilton Harbour. All release and reduction rates are shown. organic substrate. SO 4 reduction was also significantly correlated with LOI (r = 0.76, p < 0.05; Table 2), however, perhaps because the lakes with the highest SO 4 levels (Simcoe and Hamilton Harbour) also had the highest LOI.
While maximum P and Fe release rates were correlated (r = 0.73, p < 0.01; Table 2), normalized P release rate also seemed to be a function of the Al_NaOH:Fe_BD molar ratio (Fig. 8) . High P release rates only occurred at molar ratios ≤8.1 (mean RRP 10.7 mg m −2 d −1
, range 1.7-22.2 mg
) with low release rates at ratios >20 (mean RR P 4.0 mg m
, range 2.1-7.6 mg m
). Low release rate at high molar ratios is consistent with the argument that in this type of sediment, nonreducible Al hydroxide provides most of the phosphate adsorption sites (Kopácek et al. 2005 (Kopácek et al. , 2007 . Normalized Fe release also seemed to be a function of the Al_NaOH:Fe_BD molar ratio (Fig. 8) , with high Fe release rates only occurring in Lake Winnipeg sediments with low molar ratios but also low SO 4 reduction rates. When Fe release is normalized using the sum of the NH 4 Cl, BD, and NaOH fractions (i.e., Fe_HCl fraction is excluded), however, the dependence of Fe release on Al_ NaOH:Fe_BD disappears and the curve is horizontal (data 
Correlation analysis
The maximum RR P was significantly correlated (p < 0.05) with Fe_BD, Al_HCl, and the Al_NaOH:Fe_BD molar ratio, but surprisingly not with P_BD, and RR P and RR Fe were significantly correlated (0.73; Table 2 ).
The maximum RR Fe was significantly correlated with Fe_BD, suggesting that Fe_BD is a major source of released Fe, but there were also significant correlations with variables that do not have known causal relationships (e.g., P_NH 4 , Al_HCl, and the Al_NaOH:Fe_BD molar ratio, although the latter could be a spurious correlation; Table 2 ).
The significant negative correlation between SO 4 reduction and Fe_BD and significant positive correlation between SO 4 reduction and Fe_HCl (Table 2) suggests that in sediments with high SO 4 reduction rates, reduced Fe may be precipitated as Fe sulfides, which are acid soluble. It is unclear why significant correlations exist between SO 4 reduction and variables that do not have known causal relationships (e.g., P_NaOH).
In sediments with low Al_NaOH:Fe_BD molar ratios, the maximum RR P was significantly correlated with P_ NaOH, P_HCl, and Al_HCl, which do not have known causal relationships, but not with P_BD (Table 3 ). The maximum RR Fe was significantly correlated with SO 4 reduction (negatively) and Fe_BD (positively).
At high Al_NaOH:Fe_BD molar ratios, the maximum RR P was not significantly correlated with any fractionation variables (Table 3 ). The poor correlation between release rate and P_BD might have been caused by readsorption by Al hydroxides (Kopácek et al. 2005) . The maximum RR Fe was significantly correlated with Fe_BD as expected, but also with Fe_NaOH, Fe_HCl, Al_NaOH, and Al_NaOH:Fe_BD. It is unclear to what extent these fractions, other than Fe_BD, contributed to Fe release.
There was a highly significant correlation between P_ BD and Fe_BD (R = 0.91, p < 0.001) in low Al_ NaOH:Fe-BD sediments but no significant correlation (R = 0.061) in high Al_NaOH:Fe-BD sediments, as expected. Table 3 . Pearson correlation table for maximum P and Fe release rates in each incubation adjusted to 20 o C vs maximum SO4 reduction rate in each incubation adjusted to 20 °C, LOI, P, Fe and Al fractions, and Al_NaOH:Fe_BD. The data are divided into 2 groups: sediments with Al_ NaOH:Fe_BD molar ratios < 8.1 and > 20. Release rates are not normalized for Fe and P content. Low molar ratio sites include all Lake Winnipeg and 3 Lake Simcoe sites from October 2011. The high molar ratio sites include Hamilton Harbour and Lake Simcoe sites from May 2011. ** correlation significant at the 0.01 level (2 tailed); * correlation significant at the 0.05 level (2 tailed).
Low molar ratio < 8.1
High molar ratio > 20 (n = 13) (n = 7) 
Predicting release rates as a function of sediment chemistry
Each of the approaches using (1) all data, (2) only Lake Simcoe data, (3) only Lake Winnipeg data, and (4) only low and (5) only high Al_NaOH:Fe_BD data resulted in 9 significant regression models for maximum P and Fe release rates as functions of various sediment fractions (Table 4) . No significant regressions were found for RR Fe or ln-transformed RR Fe in Lake Simcoe. Regression models differed in their selection of independent variables, and only 3 of the 5 regression models for P release had high predictive power (R 2 values > 0.7). Four of the 5 Fe release models had R 2 > 0.7, but we were unable to find a significant model for Lake Simcoe. Some of the significant variables did not have known causal relationships with release rates.
Discussion
The first objective of this study was to determine release rates of Fe and P during laboratory incubations to facilitate the quantification of internal Fe and P loading from sediments. Release rate experiments were conducted ) only occurred in Lake Winnipeg sediments from the October 2010 and July 2011 cruises. These sediments had both low initial SO 4 reduction rates (and the lowest initial SO 4 concentrations) and low Al_NaOH:Fe_BD molar ratios, which is consistent with major roles played by reducible Fe, SO 4 reduction, and Al hydroxides in Fe and P release. These sediments also had the lowest LOI (8-11%) yet still supported high Fe and P release rates. Hence, an LOI of 8% does not seem to limit reductive processes under anoxic conditions. In contrast, RR P from the September Lake Winnipeg cruise were among the lowest observed and were similar to those in Hamilton Harbour. This suggests that temporal differences in sediment quality ("seasonality"), in addition to the extent of sediment anoxia, might contribute to seasonality in internal loading rates during stratification as sediments accumulate or lose P and Fe. Seasonality has been observed in P release rates from incubating cores in Lake Onondaga (Penn et al. 2000) and in pore-water and solid-phase Fe and P profiles in a mesotrophic and a eutrophic lake (Amirbahman et al. 2012) .
Seasonality in sediment quality was observed at the 3 deep sites in Lake Simcoe (K39, K42, and K45) between May and October 2011. P_BD decreased about 50% while Fe_BD and Al_NaOH increased about 13-fold and 20%, respectively, resulting in a 10-fold decrease in the Al_ NaOH:Fe_BD molar ratio. However, release rates did not exhibit seasonality. Mean RR P for these sites were similar in May and October, 5.7 and 8. , respectively, in spite of the large increase in Fe_BD in October, which suggests that another regulatory mechanism could be important throughout the season. The ranges in release rates over all Lake Simcoe sites and dates were not large; hence, mean RR P and RR Fe of 6.3 ± 2.6 and 7.2 ± 2.2 mg m −2 d −1
, respectively, adjusted to 20 °C, could be used as representative of the lake.
Intermediate RR Fe occurred in Hamilton Harbour. Although industrial discharges have enriched the sediments in extractable Fe relative to Lakes Simcoe and Winnipeg, most of the enrichment was in the acid extractable fraction, Fe_HCl, which seems not to contribute to Fe release based on equation 9 (Table 4) for high molar ratio sediments, which includes Hamilton Harbour. This model only selected Fe_BD (R 2 = 0.97) although Fe release was also strongly correlated with Fe_HCl and Fe_NaOH (r > 0.93; Table 3 ). The relatively high proportion of Fe in the HCl fraction may be a consequence of high rates of iron sulfide precipitation. P release rates were also relatively low in Hamilton Harbour (<3 mg m
), perhaps because of high Al_NaOH:Fe_ BD ratios.
RR Fe and RR P were positively and linearly related to each other at low Al_NaOH:Fe_BD ratios (r = 0.65, p < 0.05) similar to the results of Christophoridis and Fytianos (2006) who further found that the relationship was pH dependent. These results are consistent with reducible Fe hydroxides providing the majority of P binding sites in low Al_NaOH:Fe_BD sediments. In contrast, at high Al_ NaOH:Fe_BD ratios RR Fe and RR P were not significantly correlated (r = −0.53, p > 0.05), and P release was not significantly correlated with any variables (Table 3) .
It cannot be assumed that RR Fe and RR P are always related, especially in SO 4 rich, high Al_NaOH:Fe_BD ratio systems like Hamilton Harbour. A month long internal P loading episode in June 2010 (SB Watson, Environment Canada, Jun 2012, unpubl. data) was not accompanied by internal Fe loading (Verschoor 2011) , perhaps because the sulfide formation rate in sediments was high enough to trap reductively dissolved Fe as iron sulfide and prevent it from diffusing out of the sediments. The June episode seems to have been interrupted by a seiche, which typically injects oxygenated water into the hypolimnion. The next internal loading episode beginning mid-July and lasting until early September exhibited both P and Fe internal loading. For this to happen, the Fe reduction rate must have increased relative to the sulfide production rate to the extent that dissolved ferrous Fe could diffuse out of the sediments; however, it is unclear what might have triggered the relative changes in rates.
The P_BD range in this study was similar to the range in 4 softwater lakes on the Precambrian Shield (2 of which were oligotrophic, one was mesotrophic and one was eutrophic) and one eutrophic, hardwater lake in southcentral Ontario: 0.03 to 0.42 mg g −1 (Nürnberg 1988) . The P release rates in this study range were similar to the range of 0.07 to 9.9 mg m −2 d −1 (adjusted to 20 °C) in these lakes. Correlations between RR P and P_BD and between RR P and Fe_BD were not significant, even in sediments with low Al_NaOH:Fe_BD ratios (Table 3) . Indeed, P release seems to be dependent on the size of the NaOH extractable and HCl extractable P pools (thought to represent apatite) in low ratio sediments (r = 0.74, p < 0.01), although equations 6a and 6b (Table 4) suggest a dependence on all extractable P fractions. It therefore seems that some of the P captured in the NaOH and HCl extractions in our study might be reducible P, which might explain why P_HCl is a significant independent variable in some of the RR p regressions (e.g., equations 1 and 4; Table 4 ).
Lake Simcoe mean RR P were used in conjunction with estimates of anoxic area to compute internal loading in a companion study (GK Nürnberg, LA Molot, PS Loh, Nov 2012, unpubl. data) . In that study, internal loading estimates were similar to recent external loads of 70 t y −1 , and hence, internal loading is probably an important source of P in Lake Simcoe. The mean RR Fe and RR P from Lake Simcoe cores were similar (6.3 and 6.7 mg m −2 d −1 , respectively); hence, internal Fe(II) loading may be similar in magnitude. P and Fe(II) release rates from this study could also be used to estimate internal loading in Lake Winnipeg and Hamilton Harbour once the duration and extent of anoxic areas are known.
The second objective of this study was to develop empirical models that predict Fe(II) and P release rates as functions of sediment chemistry under anoxic conditions. Only 7 of the 9 significant regression models had R 2 values with high predictive power (>0.70; Table 4 ). R 2 for regression models of RR P from low and high Al_ NaOH:Fe_BD sediments were relatively low, ranging from 0.58 to 0.62, and we were unable to find a significant model for Fe release rate in Lake Simcoe.
In addition to high R 2 , inclusion of variables with known causal relationships with P and Fe release can provide a level of "comfort" with the models and the fractionation methods. While RR P was dependent on Fe_BD in Lake Simcoe (equation 3; Table 4 ) and SO 4 in the high molar ratio sediments (equation 9; Table 4 ), some of the P release regression models are less than satisfactory because some of the significant independent variables have no known causal relationships with release. Released P from site W1 sediments in Lake Winnipeg (with a low Al_ NaOH:Fe_BD molar ratio) seemed to originate primarily in the P_BD and P_NaOH fractions, a finding supported by Christophoridis and Fytianos (2006) ; however, the RR P regression models for Lake Winnipeg and low molar ratio sediments (most of which are Lake Winnipeg) suggest the potential involvement of other P fractions in release as well (equations 4, 6a, and 6b; Table 4 ).
The Fe release rate was dependent on LOI, Fe total , Fe_ BD, and SO 4 , all of which have known causal relationships with Fe release. No significant regressions were found for Lake Simcoe, however, where the RRFe was relatively narrow, ranging from 5.0 to 10.5 mg m −2 d −1
. Hence, a mean value could be used to estimate internal loading in this lake.
The results of this study are in general agreement with other sediment studies, such as those for SO 4 reduction control of Fe release, and control of P release by Al hydroxides and reducible Fe, depending on their relative concentrations. The utility of this study lies in part in including 3 water bodies with different watershed soils and land use histories. Their sediment chemistry reflects differences in urban, agricultural, and industrial activities in the watersheds. Although including a range of systems typically improves model development, results of the release rate regression models were less than satisfactory because the significant independent variables varied depending on which sediments were included in the regression model. Some of these significant parameters did not seem to have a causal relationship with release. Perhaps the utility of regression modeling in combination with operationally defined fractions needs rethinking. Alternatively, the closed conditions used in the incubations may not be representative of in situ conditions, and a design that maintains constant SO 4 and pH may be better. P and Fe release rates from anoxic sediments Inland Waters (2013) 3, pp. 105-118
